Oncology and cerebrovascular disease constitute two of the most common diseases afflicting the central nervous system. Standard of treatment of these pathologies is based on multidisciplinary approaches encompassing combination of interventional procedures such as open and endovascular surgeries, drugs (chemotherapies, anti-coagulants, anti-platelet therapies, thrombolytics), and radiation therapies. In this context, therapeutic ultrasound could represent a novel diagnostic/therapeutic in the armamentarium of the surgeon to treat these diseases. Ultrasound relies on mechanical energy to induce numerous physical and biological effects. The application of this technology in neurology has been limited due to the challenges with penetrating the skull, thus limiting a prompt translation as has been seen in treating pathologies in other organs, such as breast and abdomen. Thanks to pivotal adjuncts such as multiconvergent transducers, magnetic resonance imaging (MRI) guidance, MRI thermometry, implantable transducers, and acoustic windows, focused ultrasound (FUS) is ready for prime-time applications in oncology and cerebrovascular neurology. In this review, we analyze the evolution of FUS from the beginning in 1950s to current state-of-the-art. We provide an overall picture of actual and future applications of FUS in oncology and cerebrovascular neurology reporting for each application the principal existing evidences.
Introduction
Ultrasound (US) is defined as mechanical waves with frequency higher than human audible sound (conventionally 20,000 Hz) able to travel through all types of matter: gases, liquids, solids, and plasma. Mechanical waves can subsequently be reflected, refracted, or attenuated by the medium.
The history of US application dates back to 1880, when Curie brothers described for the first time the piezoelectric effect [1] . Their outstanding study demonstrated that some crystalline materials, when subjected to mechanical pressure, generate an electric potential. Furthermore, when these materials are exposed to rapidly changing electric potential, a mechanical vibration is generated which consequently led to the concept of US.
The first practical application of reverse piezoelectric effect consisted of a sandwich of quartz crystals engineered to reveal submarines during World War I [2] . Since then, US has been used in a number of fields, ranging from everyday use devices to industrial and medical applications. Undeniably, the most relevant application of US in medicine is represented by its use for diagnostic imaging: diagnostic US is non-invasive, real-time in nature, and has a high spatial and temporal resolution with the possibility to conduct multimodal studies [3] . The second, less widespread, but rapidly growing medical application is represented by therapeutic US. The first study focusing on this application date back in 1938, from Raimar Pohlman, who described the Btherapeutic effect^of ultrasound waves when exposing human Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13311-018-00683-3) contains supplementary material, which is available to authorized users. tissue to US. Few years later, Jerome Gersten described the US treatment of muscle disorders and rheumatoid arthritis [4] while other groups described the treatment of Meniere's disease and gastric ulcer [5, 6] . Lynn and Putnam, in 1942 , treated 37 animals with high-frequency and short-wavelength ultrasound waves. They obtained highly specific damage in targeted cortical and subcortical regions in the brain with only marginal effects on the neighboring areas; they observed both reversible and irreversible neurological deficits [7] . William Fry and Russell Meyers [8] demonstrated the possibility to treat patients affected by different brain pathologies, and in particular Parkinson's disease, using focused ultrasound (FUS) performed through a craniotomy.
On the basis of these successes, in the 1970s, a computercontrolled focus ultrasound system guided by B-mode ultrasound was engineered (BThe Candy machine^) in order to treat brain tumor patients. This device could not be used through the skull and its application required a craniectomy. Treatment was then performed through the skin once healed. The results were controversial, although the safety and feasibility of the procedure was demonstrated [9] .
Relying on these preliminary experiences, in 1980s, a new FUS device guided by computed tomography (CT) or magnetic resonance imaging (MRI) was introduced but its application was limited to animal (canine) models of disease.
The real limitation for FUS treatment was the presence of the skull and consequently the need for a craniectomy. Indeed, the skull distorts the US waves, absorbs energy (leading to skull heating), and attenuates the US beam. In the following years, numerous experiments tried to overcame skull limitations leading to the introduction of phased arrays US transducers and the use of pre-operative CT scan to take into account the distortion [10] .
The second major improvement in FUS was the introduction of MRI guidance. MRI has an excellent spatial resolution and sensitivity and allows to assess tumor volumes. Furthermore, it permits to measure temperature changes with high accuracy [11, 12] . Actual FUS devices are based on these two improvements: MRI guidance for targeting the volume and temperature control and phased arrays to correct the skull distortion.
Principal Biological Effects

Thermal Effect
Heat generation is mainly due to pressure variations related to US waves mechanical property. This leads to microscopic tissue shearing and consequently conversion of mechanical energy into heat [13] . Another source of temperature increase is nonlinear wave propagation [14] .
The theory behind FUS relies upon employing spherical transducer or phased arrays of small single elements to concentrate US energy in a small volume representing the focus. In the focal region, the intensity of US energy is several orders higher than in neighbor areas allowing to confine the effects in the focus, leading to heat generation and temperature rising in a few seconds (Figs. 1 and 2) [15] . Notably, thermal lesion could be extremely defined, with lethal and sub-lethal effects being divided by several cells thickness [16] . Depending on transducer characteristics and US frequency the focal volume dimensions could range from 1 mm to several time this length [17] . Treatment of bigger volumes is possible through repeated US expositions of multiple overlapping focal volumes [18] leading to elongation of treatment time. Pulsed FUS represents an alternative to this modality: it employs short duty cycles reducing the overall temporal average intensity. As a consequence, the temperature is only slightly elevated, allowing the nonthermal effects to overcome: acoustic cavitation, acoustic radiation forces, and acoustic streaming [19] .
Acoustic Cavitation
Ultrasound cavitation consists of the formation and oscillation of gas bubbles originating from pre-existing stabilized gas bodies or nuclei [20] . US is a mechanical wave comprising positive and negative components; the first lead to compression while the second to expansion of gas-filled crevices or bubbles. Under US exposure, the bubbles oscillate depending on positive and negative components of the wave. If the oscillation is continuous and stable the phenomenon is called non-inertial cavitation. When the pressure wave increases, the bubbles oscillate until they explode producing shock waves and high-velocity jets with deleterious effects on the tissue (inertial cavitation) (Fig. 3) [21] . Bubbles can be generated from dissolved gases present in the body or can be injected prior to treatment to enhance the acoustic effect. Microbubbles (MBs) have been in use since the 1960s as ultrasound contrast agents (UCA). They are currently used in different clinical settings, especially for imaging with the contrast-enhanced ultrasound (CEUS) technique, which permits a real-time assessment of contrast enhancement and measurement of vascularity of organs during different dynamic phases, and analysis of tissue perfusion [22] . Recently, MBs have been exploited during neurosurgical procedures to highlight different cerebral and spinal pathologies [23, 24] . However, at least in the brain, their behavior in terms of distribution in time and in different brain areas has never been thoroughly correlated with direct imaging but only inferred by passive cavitation detectors (PCD) [25] . Direct MB imaging obtained in animal models or during neurosurgical procedures might help to better understand this phenomenon.
Radiation Forces and Acoustic Streaming
US waves when hitting a surface (reflecting or absorbing) transfer a discrete force that produce a little, stable, and unidirectional mechanical stress along the direction of the beam.
These are called radiation forces and, when intense enough, can lead to focal tissue displacement thus producing tissue strain [26] . If radiation forces are applied to a liquid medium, the result is called acoustic streaming; this leads to liquid movements that could enhance convection and determine shear forces able to damage the focal tissue [27] .
Clinical Applications
The first clinical application of FUS, in 2001, was ablation of breast fibroadenomas mainly because of the accessibility of breast tissue without bone obstruction. The study demonstrated the response to treatment as complete or partial loss of gadolinium uptake on T1-MRI [28] . On the basis of these results, investigation moved to breast cancer, proving the feasibility to ablate the tumor although some uncertainties remain for tumor at the margins [29] .
Moreover, FUS acquired CE Mark in Europe in October 2002 and Food and Drug Administration (FDA) approval in the USA in October 2004 for the treatment of uterine fibroids [30] . Numerous studies reported on the efficacy as symptom reduction, improvement in quality of life, and fertility [31] [32] [33] .
FUS represents also an alternative treatment for pain caused by bone metastases (it acquired CE mark in 2007). The mechanism is related to heat generation by bone US absorption, thus leading to denervation and pain control [34] .
Furthermore, it has to be said that FUS is a promising tools for a number of oncological applications, such as: bladder cancer, testicular carcinoma, pancreas tumor, rectum tumor, kidney tumor, ocular tumor, prostate tumor, and liver tumors [35] [36] [37] [38] .
The application of FUS during neurosurgical procedures started in the 1950s but its efficacy was hampered by the presence of the skull. Actual systems overcome the physical limitations posed by the cranial vault and multiple arrays of phased transducer are able to deliver acoustic energy efficiently. Furthermore, MR guidance coupled with stereotactic frames allows for precise targeting and quasi real-time monitoring of the procedure, providing information on the amount of energy delivered and temperature rise (Fig. 2) [11, 12] . In the field of neurosurgery, the most established clinical application is for essential tremor [39] , while many others are under investigation.
Magnetic Resonance-Guided Focused Ultrasound (MRgFUS)-Procedure In brain applications, FUS is generally performed under MRI guidance (MRgFUS), allowing for targeted deposition of acoustic effects and real-time visualization of treatment (e.g., thermal effect).
MRgFUS planning requires a volumetric CT scan to take into account bone thickness and density, thus correcting the phase aberration that prevent exact focusing (Fig. 2) [40, 41] .
The head is shaved to improve the delivery of acoustic energy and the patient is immobilized by a stereotactic head frame. A silicone barrier, fixed to the transducer, is placed around the head to fill the transducer cavity with cooled degassed water in order to allow acoustic coupling and prevent thermal damage to the scalp [41] .
Pretreatment volumetric MRI is acquired to identify the target volume and to plan US delivery (depending on the required type of effect ( Fig. 2) ); calibration and monitoring is performed with MRI thermometry (Fig. 2) . During the treatment, different parameters are adjusted such as power, duration of the sonication, number, and phase of the elements within the arrays. The treatment is monitored by using MRI thermometry and PCDs to analyze the acoustic spectrum in order to stop the procedure in case of occurrence of excessive thermal rise or cavitation (Fig. 2) .
Focused Ultrasound for Neuro-oncological Applications
Brain tumors, particularly malignant lesions such as glioma, represent a daunting challenge for both physicians and patients. These tumors are characterized by an awful prognosis and a treatment able to control these diseases constitutes a major unmet clinical need. Brain tumors, because of BBB presence, reside in a sort of sanctuary making them inaccessible to most of the existing chemotherapeutic agents. Surgery is insufficient because of their intrinsic invasive behavior and the necessity to respect neurological function, which often prevent radical resection. Radiotherapy alone is not able to control the explosive growth and is itself limited by radiotoxicity.
In this scenario FUS, alone or in combined approaches, could represent a pivotal breakthrough to improve patient outcome. Herein, we illustrate different possible applications of FUS in treating brain tumors (Table 1) .
Thermal Ablation
Thermal therapies are divided into two categories: ablation (> 50°C) or hyperthermia (ranging from 42 to 45°C). In thermal ablation, cell necrosis takes place because of an irreversible denaturation of membrane proteins that leads to thermocoagulative lesions (Fig. 1 ) [42] . Tumor ablation consists of focal destruction of tumor parenchyma sparing surrounding brain tissue ( Figs. 1 and 2 ). This approach has already been described in 1980s and 1990s as preliminary experiences with focus ultrasound guided by CT or US [9, 43] . Thanks to improvement of MRgFUS, in recent years, numerous studies have addressed brain tumors ablation. Ram et al. described MRgFUS performed through a surgical craniectomy to treat three patients with recurrent glioblastoma, obtaining the following survival: 10, 31, and 33 months. In their experience, MRgFUS produced thermo-coagulative lesions also visible on MRI. Moreover, they reported in one patient the formation of a secondary focal lesion outside the target due to the heating of brain tissue in the sonication path [44] . Park et al. [45] described the effective ablation of an anaplastic astrocytoma without the need for surgical craniectomy. Follow-up imaging at 6 months highlighted the decrease in tumor volume and edema. Few years later, Brigham and Women's Hospital started to employ ExAblate 3000 (InSightec, Tirat Carmel, Israel) to treat deep-seated brain tumors. The trial was suspended because one patient died after intracranial hemorrhage occurred, allegedly due to US-induced cavitation [46, 47] . These studies failed in obtaining thermal-coagulation in the focus because of technical limitation of the prototype system. Coluccia et al. [48] , in 2014, were the first to achieve MRgFUS tumor ablation without neurological deficits or adverse effects, in a patient with recurrent glioblastoma.
Currently, three trials (NCT01698437, NCT00147056, NCT01473485) are ongoing in an effort to demonstrate safety and feasibility of thermal ablation in brain tumors. Unfortunately, definitive results are still not available.
One of the main limitations of the current system is the inability to target skull base or posterior fossa tumors due to bone heating and challenges in focusing US outside of the central regions of the brain (Fig. 2) .
US contrast agents could represent an adjunct to MRgFUS, permitting enhanced thermal effect with a lower time-averaged power [49] . Indeed, US contrast agents, such as intravascular microbubbles, can enhance tissue ablation exploiting cavitation, permitting a reduction in time-averaged acoustic power and overcome the limitation of bone heating compared to standard thermal tumor ablation (Fig. 3 ) [50] .
Blood-Brain Barrier Disruption
The blood-brain barrier (BBB) represents the principal obstacle to chemotherapy efficacy. It is essential to protect central 2013 Opening of the blood-brain barrier with an unfocused ultrasound device in rabbits nervous system from chemical and humoral injuries, but, on the other hand, complicates obtaining therapeutic concentrations of certain drugs without paying a systemic toxicity. FUS permits selective mechanical opening of the BBB allowing for delivery of therapeutic concentrations of chemotherapy without systemic side effects (Fig. 4) . Initial experiences focused on high-intensity US, higher than cavitation threshold, obtaining BBB disruption but also brain tissue damage [51] . The consequent evolution was to employ US contrast agent that is administered before FUS treatment, which is performed with pulsed exposures at low acoustic pressure and low frequencies if compared to standard FUS treatments (~500 kHz vs 1 MHz).
The resulting non-inertial cavitation stress vessels wall and in particular cells tight junction fundamental for BBB integrity; this mechanical stress ultimately leads to BBB disruption (up to 4-6 h) [52] . The use of ultrasound contrast agent is required because microbubbles can lower the acoustic energy required to induce cavitation, thus not injuring surrounding tissue while maximizing BBB opening [53] .
Numerous preclinical studies have addressed BBB opening through MRgFUS. The first demonstration employed liposome-encapsulated doxorubicin [54] followed by intravenous methotrexate [55] , 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) [56] , BCNU-loaded bubbles [57] , temozolomide [58] , IL-12 [59] , DNA for gene therapy [60] , and the monoclonal antibody trastuzumab [61] . The safety of this procedure was proved in nonhuman primates, repeatedly disrupting BBB in basal ganglia or central visual field targets [62] . On the basis of these results, an ongoing phase I trial was started (NCT02343991) to evaluate MRgFUS combined to intravenous microbubbles and doxorubicin to treat brain tumor patients. MRgFUS is exploited in order to open BBB, which is confirmed by contrast medium extravasation in MRI. Subsequently, the patient is operated and areas in which BBB was or was not opened are compared for doxorubicin accumulation.
FUS-Assisted Targeted Drug Delivery
The blood-brain barrier is only the first obstacle to drug/ compound diffusion in tumor parenchyma and to reaching therapeutic concentration in situ. The second critical structure is the tissue/tumor penetration barrier [63] . This is constituted by electrostatically charged extracellular matrix and glial-lymphatic system and represents a dense structure, which limit the diffusion of therapeutic agents [64] . Preclinical studies demonstrated that FUS in combination with engineered nanoparticles with dense poly(ethylene glycol) coating could overcome these diffusion limitations [65] [66] [67] . Another option is reversible cell membrane poration with FUS (Fig. 5) . This is an in vitro demonstrated technique, allowing for incorporation in tumor cells of heat-activated chemotherapy, gene therapy, nanoparticles, and liposomes avoiding the effects of a gene therapy or systemic drug [68] .
Interstitial Focused Ultrasound
There is no doubt that in neuro-oncological surgery attention is mainly dedicated to extracranial MRgFUS. Nevertheless, interstitial FUS, also known as catheter-based FUS, has been studied by different groups principally in preclinical models [69, 70] . It consists of multi-elemental, cooled catheter with cylindrical elements allowing for precise shaping of the ablative field also in case of large tumors. The same catheter can be used both to perform FUS and tissue biopsies to confirm the target volume. Interstitial FUS exploiting catheter configuration and the more shaped heating overcomes the limitations of lesion location and proximity to blood vessels [71] .
FUS Immunomodulation
Numerous clinical and preclinical studies have demonstrated the possibility to influence immune response against cancer. It has to be said that all the immunomodulation has been described on other tumors and has not been validated in brain tumors [72, 73] . The mechanism behind immunomodulation is complex and is related to all the FUS effects (Fig. 6) . Thermal ablation induces overexpression of heat shock proteins that represent a potent immune response inducer [74] . Mechanical effects, such as cavitation, lead to superior BBB permeability for antigens, immune cells, and proinflammatory molecules/ chemokines; notably tumor mechanical disruption also generates a bulk of tumor-related debris and antigens activating dendritic cells (Figs. 3, 4 , 5, and 6) [75] [76] [77] . Furthermore, FUS can moderate tumor-related immunosuppression, enhance tumor-infiltrating cells population, and facilitate neuroglial cell activation (Fig. 6) [72, [77] [78] [79] . It has to be noted that all the mentioned mechanisms create the basis for a synergistic application of FUS and immunotherapy [75] .
Hyperthermia and Radiation Treatment
Hyperthermia induces relevant changes in tumor milieu that could enhance tumor responsiveness to radiation treatment: hyperthermia produces an increased blood flow and consequently delivery of oxygen and trophic molecules thus enhancing tumor metabolic activities. This feature lastly leads to an increase of tumor responsiveness to radiation therapy [80] . It is possible to say that FUS induces a sensitization to radiotherapy (Fig. 7) [80] . Sensitized tumors could require a lower dose of radiation to be effective, thus potentially reducing radiation-induced side effects [81] . Furthermore, FUS and radiation are potentially complementary under the biological aspect. Cells in S phase of cell cycle are more sensitive to hyperthermia while are relatively resistant to radiation [43] . The combined use of radiation and FUS is another field in which MRgFUS could have future clinical utility (Fig. 7) .
Sonoporation
The plasma membrane acts as a barrier for large molecules such as certain drugs and gene vectors, thus inhibiting therapeutic effect. FUS through mechanical effect, namely stable cavitation, can modulate cell permeability, therefore permitting molecules entrance and interactions [82] . Stable cavitation induces both transient pore opening in membrane and, through acoustic streaming, an increase fluid motions in cell micro-environment [83] . This effect is described as sonoporation and allows enhanced drug/gene penetration and actions (Fig. 5) [84] . Relying on these premises, FUS permits reduction in the dose of a systemic compound while obtaining an unchanged concentration in tumor cells. Notably, thanks to FUS spatial specificity, this technique is particularly indicated for gene therapy [85] .
Another possible application of sonoporation if combined with BBB disruption is the amplification of blood-based biomarker. Indeed, the mechanical effects of FUS induce the release of specific molecules and structures (e.g., microvesicles) in the blood stream. This approach could be employed to obtain a liquid biopsy of the tumor through a minimally invasive blood sample [86] .
It has to be said that sonoporation in brain tumors has been studied only in preclinical settings; however, results are encouraging and support a future translation in clinical trial [82] .
Sensitization to Chemotherapy
Similarly to what happen in sensitization to radiotherapy, FUS could enhance the sensitivity to chemotherapy due to several mechanisms. First of all, local hyperthermia induces local increase in blood flow, permitting a greater delivery of drugs, oxygen, and trophic molecules. This leads to an augmented metabolic activity and as a consequence to a sensitization to chemotherapeutic agents [87, 88] . Second, FUS could revert tumor-acquired resistance to certain drugs, thus regaining a therapeutic efficacy [88] . Furthermore, local hyperthermia is particularly effective in tumor cells because of their reduced ability to scatter heat, in contrast with healthy cells [89] . Finally, FUS offers a non-invasive method to induce an enhanced sensitivity to chemotherapy as it has been demonstrated in preclinical studies supporting the potential application in numerous types of tumor in clinical setting [89, 90] .
Implantable Ultrasound Device System and Cranial Implants as Acoustic Windows
The principal limitation to FUS application in brain tumors is actually the thickness of the skull. Indeed, it absorbs up to 90% of US beam, thus requiring multiphased arrays to prevent skull heating and US weakening [91, 92] . Notably, it requires MRI for planning and monitoring, several hours of insonation and stereotaxic frame to fix the head. All these features complicate the repetitive applications of FUS and especially the treatment of superficial tumors, making more feasible handling of a deep-seated single lesion. A solution to this problem is represented by an implantable ultrasound device, namely SonoCloud which permits repeatable, diffuse BBB opening [91] . Several studies demonstrate the safety and feasibility of unfocused low-intensity pulsed US with implantable device in order to obtain repeated BBB disruption in preclinical and animal settings [91, [93] [94] [95] [96] . Relying on these results, a trial was started (NCT02253212) to evaluate safety and feasibility of SonoCloud implantation in recurrent GBM patients in order to obtain monthly BBB opening before systemic administration of carboplatin. It has to be said that sonication volume is limited to a~5-cm 3 BBB opening by glial and immune reaction observed in animals. Only interim data are available suggesting that SonoCloud has the potential to enhance chemotherapy distribution in brain tumors. Trying to overcome the limitations of an implantable transmitter, Gutierrez et al. studied different polycrystalline 8 mol/ yttria-stabilized-zirconia (8YSZ) ceramics with different porosity in order to obtain a biocompatible cranial implant. They tested 8YSZ ceramics for their acoustic properties and validated the results exploiting a finite element model mimicking US propagation through 8YSZ windows. They concluded that 8YSZ implants could be used as acoustic window to allow FUS treatment [97] .
Sonodynamic Therapy
Sonodynamic therapy relies on sonosensitizers compounds such as 5-aminolevulinic acid (5-ALA) and FUS to generate intracellular reactive oxygen species capable to induce damage to DNA and induce apoptosis (Fig. 8) . FUS is able to deeply and specifically penetrate brain tissue and to excite sonosensitizer only in the target area. Combining the specificity of 5-ALA accumulation in some types of tumors to the specificity of FUS insonation is possible to obtain necrosis and apoptosis only in the target volume [98] . Numerous studies demonstrated the efficacy in various cancers also comprising malignant glioma [98] [99] [100] . Satoshi Suehiro et al. [98] studied the combined application of 5-ALA and FUS demonstrating effective cytotoxicity towards glioma cells thus resulting in prolonged survival of tumor-bearing mice. Growing body of evidences support the superiority of sonodynamic therapy over photodynamic therapy. Indeed, this technique is equally effective in generating reactive oxygen species, does not require craniotomy or surgical intervention, is able to activate chemical agents deeply located in the brain, and permits conformal dosage of energy [98, 101, 102] .
Focused Ultrasound Applications for Cerebrovascular Disease
Cerebrovascular disease is often arbitrarily divided into ischemic and hemorrhagic subtypes, although unruptured aneurysms and vascular malformations do not technically belong to either category. BStroke^as an overarching entity, that encompasses all of the above-mentioned pathologies, is the third cause or mortality and the number one cause of morbidity in the USA and in most developed countries [103, 104] .
FUS can have broad applications to the treatment of ischemic and hemorrhagic stroke. Current treatment algorithm for ischemic stroke includes administration of intravenous tissue plasminogen activator (IV-tPA) for patients arriving to clinical attention within 3 h of symptom onset, plus or minus the concomitant use of endovascular mechanical thrombectomy (EMT) for those patients with proximal vessel occlusion [105] . Despite these advances, fewer than 10% and 15% of patients with AIS are eligible for IV-tPA and EMT, respectively [106, 107] , mostly due to delayed arrival at centers that can offer treatment, although this may be changing with the recent publication of the DAWN and DEFUSE-3 trials [108, 109] .
The heterogeneous nature of hemorrhagic stroke, which includes patients with intraparenchymal hemorrhage (IPH), subarachnoid hemorrhage (SAH), and other less common hemorrhagic patterns (e.g., amyloid angiopathy, moyamoya disease) makes generalizations more difficult; however, in most cases, medical and surgical intervention result in marginal improvement in patient outcomes [110] . These poor statistics of eligibility for intervention and poor outcome with most current therapies demonstrate a clinical need for further innovation to expand stroke therapy to patients. FUS has been suggested as an alternate treatment paradigm for patients with both ischemic and hemorrhagic stroke. Intuitively, one could imagine using ultrasound to break up clots, both intravascularly and intraparenchymally. Sonothrombolysis refers to ultrasound-mediated thrombolysis using adjuvant therapy (microbubbles being the most common), while sonolysis refers to the use of ultrasound without the use of adjuncts (Fig. 9) . Specifically, transcranial sonolysis has been proposed for clot lysis in patients with large vessel occlusion who are not candidates (or have failed) for mechanical thrombectomy and for clot hemolysis in patients with spontaneous intraparenchymal hemorrhage [111] [112] [113] [114] (Table 1) .
Initial Studies on Use of Sonolysis for Cerebrovascular Disease and Potential Applications
The concept of sonolysis was proposed in 1965 by Anschuetz and Bernard [115] , but it took the introduction of transcranial Doppler ultrasonography (TCD-US) [116] to allow for the use of this application for intracranial pathologies [117] .
Several preclinical studies have investigated the use of FUS for sonothrombolysis. Maxwell et al. [118] associated with the use of FUS [119] . Burgess et al. performed in vivo studies of intracranial ELVO thrombolysis using MRgHIFU. These studies reproduced the extracranial findings, notably that FUS is safe (with only minimal chance of intracerebral hemorrhage and no cases of arterial injury) and that with higher FUS ranges, robust recanalization can be achieved [111] . Two studies have demonstrated the feasibility of transcranial MRgHIFU in ICH. Monteith et al. [120] demonstrated a > 95% liquefaction rate of ICH with FUS sonolysis permitting minimally invasive clot aspiration and complete lysis of 4-ml clots without additional brain injury. Harnof et al. [121] confirmed the safety and efficacy of the use of sonolysis for ICH in an independent model. In 2000, Alexandrov et al. [122] reported on the improved recanalization rates of AIS patients treated with IV-tPA and TCD-US sonothrombolysis. Subsequent randomized clinical trials demonstrated efficacy of low-intensity, high-frequency (> 300 kHz) ultrasound sonothrombolysis [123] [124] [125] .
Ultrasound-assisted thrombolysis has several inherent limitations. These include the need for administration of IV-tPA, attenuation of the signal by the skull, operator dependence, and the need for prolonged application over several hours to obtain the necessary therapeutic response. Further, ultrasound-assisted thrombolysis results in a minimal thermal signature, making it less than ideal for lysis of intraparenchymal clots [126] .
Magnetic resonance-guided FUS (MRgFUS) sonolysis overcomes several of these disadvantages (Figs. 2 and 9) , although clinical results with this technique are scarce and many studies are underway to develop this into a clinically relevant therapy. As with any therapy, this modality has several shortcomings. These challenges include the issue of thermal damage to brain parenchyma due to heating of the skull, and the inability of this modality to lyse clots within 2 cm of the calvaria due to signal attenuation, which may limit its application to select patients.
Cerebral Cavernous Malformations and Use of Photoacoustic Sensitizers
As with oncological applications, FUS may be used to target vascular malformations. The most likely immediate clinical application of this technology is likely to be for treatment of low-flow vascular malformations, such as cerebral cavernous malformations. The fragile nature of vascular malformations may result in pause for most practitioners in using sonodynamic therapies for this class of disease, but with improvements in technology, this class of malformations may be amenable to ultrasound treatment. Addition of sonosensitizers, such as 5-aminolevulinic acid (5-ALA), may allow for more targeted administration of ultrasound to specific domains of vascular malformations, akin to targeting performed in radiosurgical treatment of these lesions.
Future FUS Application and Limitations
Actually FUS is at the dawn of its application for neurooncological and cerebrovascular disease. It is not certain whether FUS will have differential effects on different tumor pathologies. In brain tumors any kind of declination for tumor subtype is premature and not sustained by existing literature, although the most investigated, because of its poor prognosis, is glioblastoma.
Indeed, technical and preclinical researches should go along with clinical research: for example FUS, when combined with sensitizers might specifically and differentially target more vascular tumors. Sonodynamic therapy has been so far applied in glioma surgery; however, theoretically, any tumor uptaking a sono-active drug, such as cerebral metastasis or meningioma, could be treated by sonodynamic therapy [127] . Also sonodynamic therapy could be used to tackle deep-seated benign lesions such as cavernoma, reducing surgical morbidity.
FUS can be used, alone or in combination with other particles, to deliver drugs, neurotrophic factors, or gene therapy, making it a suitable adjunct to tackle intrinsic brain tumors or repair damages caused by stroke, tumor invasion, or surgical morbidity. Particularly interesting is the use of FUS in combination with MBs. MBs can be used to open the BBB in order to enhance drug delivery; they can vehicle therapeutic agents themselves or they might be used to perform vascular ablation enhancing FUS mechanical effects. Different type of tumors or diseased brain areas can therefore become the target of such treatments. However, distribution and localization of MBs in different areas of the normal human brain and in pathological conditions and their concentration over time are not yet fully known: FUS treatments are therefore limited because of this lack of data. Recently, MBs have been thoroughly studied during neurosurgical procedures to highlight different pathologies. Contrast-enhanced ultrasound (CEUS) performed during neurosurgical procedures is an ideal method for creating a chart to dynamically localize MBs in different brain areas and in different brain pathologies, allowing to optimize MBenhanced FUS treatments [22-24, 128, 129] (Fig. 10) .
Patients suffering for brain tumors, both intra-and extra-axial, and cerebrovascular diseases often undergo surgery to relieve mass effect and intracranial hypertension. The possibility to implant US transducer [91] or ultrasound transparent cranial windows [97] will facilitate any kind of FUS treatment, overcoming the obstacle posed by the presence of the skull. The possibility that such windows allows for US imaging would also open new scenarios on MB direct imaging for BBB opening and drug delivery in case of malignant tumors or neurotrophic factors in case of stroke. It will facilitate follow-up and drug delivery in an outpatient setting in glioma patients, and it will be particularly envisaged for recurrent glioblastoma. US-guided histotripsy could also benefit by such a development, being possibly applied for the treatment of recurrent glioma or meningioma.
The risks associated with the use of FUS are mainly related to heating caused by the FUS treatment, rapid cell death causing release of toxic metabolites, and cavitation's control, such as in opening of the BBB, which may result in cerebral edema in the setting of disease in the brain. The issue of heat generation and dissipation can be addressed by titrating ultrasound timing, delivery and pulsing protocols, and with the future development of three-dimensional thermometry. However, areas close to the bone, especially the skull base, pose a particular threat, as bone heating might injure cranial nerves in their passage into bony structures. The more selective opening of BBB made possible by FUS could remedy the issue of unselective BBB opening; in the case of MB-enhanced treatment with FUS, a thorough understanding of MB dynamics is necessary (Fig. 10) . Nonetheless, these risks remain a challenge associated with the use of FUS for brain oncological and vascular indications.
Conclusion
In this review, we tried to summarize the different biological mechanisms offered by focused ultrasound pertinent to neurooncological and vascular diseases: with the promising results associated with the use of FUS for essential tremor [130] , although first tested in brain tumors, more groups are likely to begin clinical studies for other disease states, as the number of ongoing preclinical researches and clinical application is steadily increasing.
FUS allows to deliver its effect within different areas of the brain: the system used for thermal ablation allows precise targeting within a stereotactic frame with MR guidance, featuring real-time thermometry and cavitation feedback using high frequencies; however, in this regard, the treatment envelope is still limited by the skull geometry, making it suitable for centrally locate lesions. The same system envisages the use of low frequency helmet that allows to reach brain areas closer to the skull. This system, together with other devices such as those as large aperture single transducers coupled with navigation system or ultrasound transparent skull replacements implantable transducers, coupled with microbubbles or other sensitizers, will exploit new mechanism of action greatly expanding the treatment envelope.
Actually only a little knowledge derived from FUS technical and preclinical research has been translated into clinical practice. The development of FUS technology, along with real-time monitoring and feedback, will increase the safety margins of this technic, permitting to further push the treatment envelope beyond its current status and all the biological effects explored in preclinical research that we illustrated in this review should be explored in a clinical settings, positively impacting the care of neurooncological and vascular patients.
